Cats with glaucoma typically present late in the course of disease. It is likely that glaucoma in cats is under-diagnosed due to its insidious onset and gradual progression, as well as limitations of some commonly used tonometers in this species. Treatment of glaucoma in feline patients presents a clinical challenge, particularly as glaucoma is often secondary to other disease processes in cats. In this review, we consider the clinical features, pathophysiology, and classification of the feline glaucomas and provide current evidence to direct selection of appropriate treatment strategies for feline glaucoma patients.
Glaucoma is not a single disease entity. Rather, 'the glaucomas' should be considered to represent a large, diverse group of disorders. In all species, this group of disorders is unified in their final common pathway of characteristic optic nerve and retinal pathology resulting in loss of vision. Glaucoma is therefore widely considered a neurodegenerative disease.
The single most important risk factor for the development of glaucoma in humans and animals is intraocular pressure (IOP). However, caution should be exercised in diagnosing glaucoma based solely on a single, elevated IOP reading. Elevated IOP in the absence of clinical evidence of glaucomatous optic nerve and retinal damage is termed ocular hypertension, to distinguish it from overt glaucoma. Both ocular hypertension and glaucoma should be distinguished from falsely increased IOP measurements due to improper tonometric technique, inappropriate restraint, patient stress, and corneal factors that may render the tonometer inaccurate. Conversely, a diagnosis of glaucoma cannot be excluded based on a single low or normal IOP reading. In glaucomatous cats, as in other species including glaucomatous dogs and humans, 1,2 IOP may fluctuate considerably, both within and between days. The magnitude of circadian fluctuation in IOP observed in glaucomatous cats in one recent study that utilized a Tono-pen XL, 3 was two to eight times that reported for normal cats, which demonstrated circadian fluctuations in IOP in the order of 4 mmHg. 4 It is clear that a single measurement of IOP obtained during an office visit may not accurately reflect the cumulative IOP to which the eye has been exposed. Furthermore, in advanced glaucoma, degeneration of the ciliary body may limit aqueous production, ultimately lowering IOP. 5, 6 In such cases, a diagnosis of glaucoma relies on the identification of characteristic posterior segment changes, supported by other secondary abnormalities, as described later in this review.
WHAT IS NORMAL IOP IN CA TS AND HOW DO WE MEAS URE IT?
As elevations in IOP contribute to the progression of glaucoma, an accurate and reliable means of measuring IOP is crucial to effective diagnosis and monitoring of this disease. Normal feline IOP varies with the time of day, age, and reproductive status. 4, 7, 8 Normal cats exhibit a pronounced circadian rhythm in IOP, with highest values at night (by about 4-5 mmHg) and a gradual decline in IOP occurring during the day (with IOP in the mid-to-late afternoon about 1-1.5 mmHg lower than morning values). Intraocular pressure in cats is also influenced by the age of the subject, being considerably lower in geriatric cats than in young cats; higher in adolescent than in adult cats, and lower in young kittens within the first few weeks of life than in adolescent cats. In one large study involving 538 cats 7 years of age and older, normal mean IOP as measured by Tono-pen XL was 12.3 ± 4.0 mmHg. 7 In those cats in which IOP was measured on multiple occasions over time, IOP decreased progressively and it was not unusual for aged cats to have very low IOPs (£7 mmHg) in the absence of any signs of anterior uveitis. This reduction in IOP may reflect reduction in active secretion of aqueous humor associated with declining systemic health. 7 Marked asymmetry in IOPs, with a difference of 12 mmHg or more between eyes, or an IOP of 25 mmHg or more in older cats (measured with a Tono-pen XL), should prompt a thorough evaluation for ocular abnormalities including glaucoma. 7 While reproductive status has been shown to influence IOP in cats, with significantly higher IOP observed in estrus females, 8 this influence may be of limited clinical significance in veterinary practice, as relatively few feline patients are sexually intact. In clinical settings, it is also important to be aware that prior application of mydriatic may lead to substantial increases in IOP in both normal and glaucomatous cats. [9] [10] [11] Differences in measurements obtained by different tonometer types are also clinically significant. It is therefore important that a consistent tonometer type and model is used for clinical monitoring and that the tonometer type used to measure IOP is specified in the medical record. Veterinary clinicians should also be aware of the common limitations of the tonometer that is used. A number of tonometers have been investigated in cats (Table 1) , including the Schiøtz indentation tonometer; 12 pneumotonometer; 13 Mackay-Marg type applanation tonometers (such as the Mackay-Marg, Tono-pen, Tonopen XL, and TonoPen Vet); [13] [14] [15] [16] Perkins applanation tonometer, 17 and, most recently an induction/impact or rebound tonometer (TonoVet Ò ). 16, 18 Although all these tonometers demonstrated acceptable accuracy within the normal physiological range in cats, it is noteworthy that most applanation tonometers dramatically underestimated IOP above about 30 mmHg when compared to manometry. Despite their widespread application in clinical veterinary practice, the systematic underestimation of IOP in glaucomatous cats by most applanation tonometers may have contributed to an underestimation of the true prevalence of glaucoma in the feline population. The TonoVet Ò rebound tonometer is more accurate than the Tono-Pen, particularly at IOPs >30 mmHg; does not require application of topical anesthetic; is well-tolerated by cats, and may be considered most suitable among current, commercially available tonometers, for diagnosis and monitoring of glaucoma in cats. 16, 18 Normal feline aqueous humor dynamics
As is typical for mammalian species, maintenance of normal IOP in cats relies on the equilibrium between aqueous outflow and the production of aqueous humor, by active and passive processes at the level of the nonpigmented epithelium of the ciliary processes. In cats, the bulk (>97%) of aqueous humor outflow occurs by the conventional route through the pupil from the posterior to anterior chamber, exiting the eye via the trabecular meshwork and angular aqueous plexus, 19 into the intrascleral venous plexus then ultimately the general circulation. (Fig. 1) The uveoscleral route 
Mean intraocular pressure (IOP) is presented as ± standard deviation unless indicated otherwise; SEM = standard error of mean; n = number of animals used to determine reference range where applicable. *Data derived after calibration curve correction. † Indicates Tono-pen Vet. (via the iris and ciliary body stroma to the suprachoroidal circulation and vortex veins, and through the sclera to the episcleral tissues) accounts for a very small percentage of aqueous humor outflow (<3%) in this species .20 In normal neonatal kittens, neither aqueous humor production nor outflow has reached adult levels and the anterior chamber is flattened, with apposition between the iris and cornea. Over the first few months of life, a process of expansion and rarefaction leads to an adult conformation of the aqueous outflow pathways, with a deep anterior chamber, widely spaced trabecular beams and well defined uveal meshwork and corneoscleral meshwork, the latter lying adjacent to the angular aqueous plexus that is situated well posterior to the termination of Descemet's membrane. 21 In contrast to humans, the trabecular meshwork of the adult cat is located within a long and relatively wide ciliary cleft (Fig. 1) . The anterior chamber is deeper and the opening of the iridocorneal angle in cats is considerably wider than in humans and dogs. The individual fibers of the pectinate ligament, which span the anterior opening of the ciliary cleft, are very fine and relatively sparse in cats (Fig. 2) , in comparison to the typical appearance of the canine drainage angle. Although the feline iridocorneal angle and opening of the ciliary cleft are best evaluated by gonioscopy utilizing a goniolens, it is possible to evaluate a significant portion of the feline drainage angle by direct observation using focal illumination and magnification, or even using an indirect ophthalmoscope and condensing lens held at an extreme angle to view the pectinate ligament and opening of the ciliary cleft.
EPIDEMIOLOGY AND C LINICAL F EATURES OF

GLAUCOMA IN CATS
Glaucoma is a relatively uncommon clinical diagnosis in the cat, compared to the dog, although it is likely that many feline cases go unrecognized. According to data collected by the Veterinary Medical Data Base, 1 in 367 cats presenting to University Teaching Hospitals had a diagnosis of glaucoma. This referral population estimate, however, may be low as a prospective study found that 0.9% of older cats 'screened' (1 in 108) had abnormally high IOP. 7 Glaucoma is also a relatively common indication for enucleation in cats, accounting for 29% of submissions to the Comparative Ocular Pathology Laboratory of Wisconsin (COPLOW). 22 In contrast to the situation in dogs, feline glaucoma is generally an insidious, gradually progressive disease. Moderate elevations in IOP are associated with few overt clinical signs and cats are frequently not presented for evaluation until late in the disease process. 5, 6, 23, 24 In one retrospective study, 73% of glaucomatous cats were blind at the time of initial presentation. 6 However, some vision may be preserved in chronically glaucomatous cats despite gross buphthalmos. 25, 26 The degree of discomfort, or at least overt clinical signs of discomfort, is highly variable in affected cats, and there are seldom signs of persistent, severe ocular discomfort unless IOP is markedly elevated. In some animals with antecedent ocular disease, particularly uveitis and/or intraocular neoplasia, a degree of ocular discomfort consistent with the presence of these disorders may be observed. However, in cats with primary glaucoma profound elevation of IOP may be associated with surprisingly little clinical evidence of ocular discomfort, and chronically affected cats generally maintain a normal appetite and relatively normal activity level. The acutely painful, fulminant presentation of glaucoma that is typical of the disease in dogs is seldom recognized in cats.
The feline eye is remarkably resilient in terms of susceptibility to glaucomatous damage -with relative preservation of ganglion cells in the retina of cats who have sustained acute IOP elevations, and relatively minor corneal changes observed. Dense, diffuse corneal edema that characterizes glaucoma in dogs is less often seen in cats at comparable levels of IOP. With sustained elevations in IOP, and ensuing buphthalmos, tears in Descemet's membrane (Haab's striae) can be observed in some patients but are not common (Fig. 3) . Globe enlargement can be particularly dramatic in young animals and may be associated with exposure keratopathy. Ophthalmoscopic evidence of optic disc cupping is very difficult to discern in cats, due to the lack of myelination of the normal feline optic nerve head (ONH), and its normal depression relative to the plane of the neurosensory retina. Subtle changes that may be observed include a peri-papillary pigmented or hyper-reflective halo, with increased prominence of the laminar pores, referred to as the 'laminar dot sign'. However, similar ophthalmoscopic features may be observed in some normal cats and ophthalmoscopic diagnosis of optic disc cupping can prove particularly challenging in cats with bilateral disease. (Fig. 4 ) Advanced imaging techniques such as optical coherence tomography (OCT) facilitate the detection of ONH changes and thinning of the retinal nerve fiber layer in glaucomatous cats (Figs 4c and d) but are currently limited to a few research institutions and require general anesthesia. 27 Pan-retinal degeneration, a common feature of canine glaucoma, is seldom observed even in long-standing glaucoma in cats. Functional vision Figure 2 . Gonioscopic appearance of a normal cat irido-corneal angle. Compared to the appearance of a normal canine irido-corneal angle, the opening to the feline ciliary cleft is wide and the pectinate ligament fibers are delicate and widely spaced. 
may be relatively preserved, even in animals with readily appreciable buphthalmos. However, in uncontrolled, chronic glaucoma, progressive vision loss and extensive loss of retinal ganglion cell (RGC) bodies from the inner retina are observed (Fig. 5) . In cats, the histological phenomenon that involves relatively sparing of RGCs within the superior versus inferior retina, does not appear to be as consistently observed as in dogs. 22 
THE PATHOPHY SIOLOGY AND CLASSIFICATION OF THE FELINE GLAUCOMAS
A number of systems for classifying the glaucomas have been used. In a clinical setting, glaucoma is often classified according to whether the inciting cause of aqueous outflow obstruction is 'primary' or 'secondary'. As a further subdivision of these two categories, the status of the iridocorneal angle (or more accurately the opening of the ciliary cleft) as either 'open' or 'closed', as well as by the duration of the disease as 'acute' or 'chronic' may be recorded. While these classifications have some utility in establishing prognosis for vision, or even the life of the animal, or may implicate a genetic basis for the disease, they are overly simplistic and give little insight into underlying pathogenic mechanisms responsible for IOP elevation. Such classification schemes are arguably of limited value for clinicians seeking the most appropriate treatment choices for an individual patient. Glaucoma in cats is considered to be almost invariably due to impaired aqueous humor outflow. One of the most clinically useful ways of classifying glaucoma in individual patients relies on determining the location of the 'block' or impediment to aqueous humor outflow. The spectrum of causal mechanisms for aqueous outflow impairment is wide (as summarized in Table 2 ). Cats with long-standing glaucoma often have pathology at multiple locations that contribute to outflow impairment, which at least partly accounts for the difficulty in treating glaucoma in this species. [28] [29] [30] Understanding the location of these blocks and appreciating the complex pathophysiological mechanisms contributing to glaucoma in each affected cat, forms the basis for creating a rational treatment plan, tailored for each individual. These blocks in aqueous humor outflow may act to impede flow of aqueous humor from the ciliary processes into the posterior chamber; through the pupil to the anterior chamber; into the irido-corneal angle/opening of the ciliary cleft, to trabecular meshwork, and thence to the angular aqueous plexus and scleral venous plexus. In some patients, an increase in episcleral and scleral venous pressure counters aqueous outflow.
28-31
Feline primary glaucomas
In the primary glaucomas, there is no other readily identifiable antecedent ocular or systemic disorder responsible for reduction in aqueous outflow. Although apparently relatively rare in cats compared to dogs, 29 feline cases of spontaneous primary glaucoma are likely underdiagnosed and may be encountered sporadically. Primary glaucoma in cats may present as either a unilateral or bilateral disease, has a fairly strong breed predisposition (although domestic short-and long-haired cats are most frequently affected) and may or may not be heritable. Breeds that may be at increased risk of primary glaucoma include the Siamese, Burmese, and Persian. 5, 22, 23, 25 Primary glaucoma may be congenital, with onset of clinical signs recognized early in life, but may also be first recognized later in life, in middle-aged and older cats. Open-angle glaucoma, has been reported in adult, domestic short-and long-haired cats and in defined breeds including the Siamese and Burmese. 23, 32, 33 A small series of Burmese cats with primary 'narrow to closed' angle glaucoma has also been reported. 25 However, primary angle closure glaucoma, as is commonly diagnosed in dogs, is seldom, if ever, recognized in cats. Rare cases of glaucoma associated with pectinate ligament dysplasia, have also been reported in adult cats. 23, 34 Although not commonly encountered in clinical practice, a form of 'open angle, open cleft' glaucoma has been recognized in feline eyes submitted for histological evaluation. 33 The disease is characterized as an insidious, gradually progressive glaucoma of older cats that, at least as documented in submissions to COPLOW, appears to be 
unilateral in presentation (although asymmetric presentation cannot be excluded due to insufficient follow-up in most cases). Burmese cats appear to be over-represented. In affected cats there is histopathological evidence of RGC loss and subtle myxomatous change within the vascular channels associated with aqueous outflow, including the scleral venous plexus and the vortex veins (Fig. 6 ). No pathology is recognizable within the iridocorneal angle or trabecular meshwork, thus it is proposed that resistance to aqueous outflow occurs at the level of the scleral venous plexus and vortex veins. 33 However, obstruction to outflow at the level of the trabecular meshwork cannot be excluded based on histomorphological appearance alone. At this time clinical correlates to accompany these pathological descriptions of primary open-angle glaucoma remain sparse, and the clinical course of this particular disease in affected animals remains unclear.
Sporadic cases of feline congenital or early onset glaucoma associated with various ocular malformations, including microphakia, ectopia lentis, iridoschisis, pectinate ligament dysplasia, multiple iridociliary cysts, and persistent pupillary membranes have been reported in the veterinary literature . 23, 35 A research colony founded by breeding Siamese cats has been established in the United States. These cats have relatively symmetric, slowly progressive glaucoma characterized by elongated ciliary processes, globe enlargement, and spherophakia (Fig. 3) . 26 In affected kittens, postnatal development of the structures of the ciliary cleft is arrested, and affected cats maintain the immature conformation of their aqueous outflow pathways. 36 The mutation responsible for this form of primary congenital glaucoma has now been identified (M.H. Kuehn, N.M. Ellinwood, K.H. Deckman, M.A. Menotti-Raymond, E.A. Snella and G.J. McLellan, manuscript in process). It would appear from sporadic reports in the veterinary literature of glaucoma occurring secondary to uveitis, 37 and of primary microphakia with lens luxation, 23, 38, 39 in Siamese cats, that this disease may actually have existed in the Siamese cat breed in the USA and Europe for more than 50 years.
Feline secondary glaucomas
The secondary glaucomas, constituting 95-98% of feline glaucoma cases, are associated with antecedent ocular or systemic disease processes, such as uveitis, neoplasia, trauma, and intraocular hemorrhage that alter aqueous humor dynamics by a range of mechanisms. [5] [6] [7] 23, 24, 40 Depending on the underlying pathogenesis, they may be unilateral in presentation or, less often, bilateral, and are most often seen in adult cats.
Intraocular inflammation, particularly chronic lymphoplasmacytic uveitis, is the most frequently reported cause of glaucoma in cats. 41 Lymphoplasmacytic uveitis with glaucoma accounted for 10% of all feline submissions to COPLOW. 40 Uveitis may lead to elevation of IOP through a number of different pathogenic mechanisms. 5, 6, 23, 32, 42 While obliteration of the aqueous outflow pathway by inflammatory infiltrates is often proposed as a mechanism for IOP elevation (Fig. 7) , in reality the extent of the inflammatory infiltrate observed histologically in enucleated globes may be minimal. Chronic lymphoplasmacytic uveitis may also lead to lens luxation; condensation, degeneration, and prolapse of vitreous; formation of pre-iridal fibrovascular membranes and synechiae. 32, 40, 43 Angle recession may also contribute to aqueous outflow obstruction. 40 Although identified histologically in glaucomatous feline eyes, 40 the role played by angle recession in the development of feline glaucoma remains unclear and it is possible that this histomorphological phenomenon may be secondary to buphthalmia, and associated changes in anterior segment anatomic relationships. The proposed pathogenesis for angle recession in humans is that blunt force trauma deforms the globe, pushing the cornea anteriorly and that the subsequent rebound effect on the lens exerts traction on the ciliary body causing cyclodialysis. Angle recession is most often seen histologically in feline eyes with concomitant lymphoplasmacytic uveitis, and a history of trauma is generally lacking, perhaps due to the protracted course of clinical disease prior to enucleation in many glaucomatous cats. 40 Intraocular neoplasia is another major cause of glaucoma in cats. 6, 23, 32, 40 In order of frequency, anterior uveal melanoma (Fig. 8), lymphoma (Fig. 9) , post-traumatic ocular sarcoma, 44, 45 and iridociliary epithelial tumors, 46 may all be associated with secondary glaucoma. Intraocular neoplasia may be associated with diffuse infiltration and obliteration of the trabecular meshwork and ciliary cleft, or the development of neovascular glaucoma with angle closure. 40 Diffuse iris melanoma is a relatively common cause of feline glaucoma. About half of all feline submissions to COPLOW were diagnosed with diffuse iris melanoma, and just over 10% of all feline submissions were diagnosed with glaucoma secondary to melanoma. 40 Intraocular hemorrhage, particularly related to systemic hypertension in older cats, may also result in secondary glaucoma. Development of glaucoma secondary to intraocular hemorrhage is of particular concern in animals with 'eight-ball hyphema' caused by episodes of rebleeding. To the authors' knowledge, glaucoma secondary to retinal detachment in cats has not been specifically reported in the veterinary literature, and may be less of a concern than in dogs.
Lens-associated glaucoma in cats may occur secondary to phacoclastic uveitis or septic implantation syndrome resulting from lens trauma, 32, 42, 47 or, in the long term, lens trauma may be associated with the development of post-traumatic ocular sarcoma that may present as glaucoma. 48 In contrast to dogs, lens luxation in cats is seldom primary and most often occurs secondary to glaucoma or uveitis. Even if lens luxation may be considered a 'primary' event, as may occur in elderly cats with senile zonular degeneration, or in animals with hypermature cataract, lens luxation in cats seldom directly results in glaucoma . 49 Intumescent cataract and phacomorphic glaucoma are also rarely encountered in cats.
Aqueous humor misdirection syndrome is an unusual form of insidious glaucoma, characterized by a uniformly shallow anterior chamber that has been recognized in older cats. 6, 50, 51 In addition to a uniformly shallow anterior chamber, affected eyes often exhibit dilated pupils. (Fig. 10) This mydriasis frequently results in anisocoria as the glaucoma is often unilateral, or at least asymmetric, at the time of initial presentation. The degree of IOP elevation in affected eyes ranges from mild to severe, with modest elevations being most typical and in the early stages IOP may actually be normal. In severely affected eyes in one series, a pronounced myopia (as much as )16.5 D) was identified, and was attributed to the anteriorly positioned lens. 51 Ocular ultrasonography and histopathology in affected cats reveal thickening of the anterior vitreous face, anterior displacement of the iris and lens, and clear spaces in the vitreous cavity. (Fig. 11) The disease has been termed feline aqueous humor misdirection syndrome (FAHMS), as it has been postulated that aqueous humor is misdirected posteriorly through breaks in the anterior vitreous face that act as one-way valves, resulting in it becoming progressively trapped within 'pools' in the 
vitreous cavity. Subsequently, anteriorly displaced vitreal elements become condensed, compressed, and juxtaposed against the lens and ciliary processes. This juxtaposition, so-called 'cilio-vitreal-lenticular block', impedes flow of aqueous humor produced at the ciliary processes to the posterior chamber, further diverting aqueous humor into the vitreous cavity. Obstruction of aqueous flow from posterior to anterior chambers (pupil block) is intensified by the anterior displacement of the lens, enhancing iris-lens contact. With progressive increase in IOP and forward displacement of the iris-lens diaphragm, collapse of the ciliary cleft and narrowing of the iridocorneal angle ensues. 51 Although surgical intervention has been proposed, including phaco-emulsification and anterior vitrectomy to relieve pupil block, results of surgery are frequently disappointing, perhaps because surgery is often performed late in the disease process, in medically unresponsive cases. In severely affected animals, impediments to outflow at the level of the iridocorneal angle and ciliary cleft are likely to have developed and persist after surgery. Given the slowly progressive nature of disease, and its tendency to affect mainly elderly animals, conservative management, with application of topical carbonic anhydrase inhibitors (CAIs) when tolerated, may be associated with preservation of limited vision in at least one eye for periods of up to several years. 51 The authors have also observed cats in which the anterior chamber spontaneously deepens and IOP normalizes, perhaps due to the formation of a more well-developed break in the vitreous face, thereby eliminating the 'one-way valve effect'. In contrast, acute pronounced increases in IOP have also been identified in cats with FAHMS following treatment with systemic corticosteroids for other disorders such as inflammatory bowel disease.
CLINICAL MANAGEMENT OF GLAUCOMA IN CATS
When selecting an appropriate management strategy for feline glaucoma patients, there are a number of important clinical considerations that should be taken into account (Table 3) .
MEDICAL THERAPY FOR F ELINE GLAUCOMA
When interpreting the findings of published studies, anatomical, physiological, and pharmacological differences between species must be taken into account as should the heterogeneity of response within a given species or even individual patient. For example, it is not uncommon for certain individual animals to be unresponsive to a specific anti-glaucoma drug even when most cats will exhibit reduced IOP with its administration. In addition, one should exercise caution in extrapolating results of studies conducted in normal subjects, as the response of glaucomatous subjects to the same drug or procedure may be very different. Ideally, experimental study designs should take diurnal and nocturnal fluctuations in IOP into account. Clinical trials should involve appropriate controls and, where possible, observers should be 'masked' as to treatment in order to reduce or eliminate bias. Unfortunately, there is currently a paucity of published, randomized, prospective clinical trials that meet these criteria.
Ocular hypotensive drugs (see Table 4 for summary)
Carbonic anhydrase inhibitors Carbonic anhydrase inhibitors reduce IOP in cats by lowering rates of active aqueous humor production. [52] [53] [54] Topical dorzolamide 2% has been shown to significantly lower IOP in both normal and glaucomatous cats when administered three times daily. 3, 55, 56 Brinzolamide 1% did not significantly lower IOP in normal cats when applied twice daily, 57 but did significantly lower IOP and blunt circadian fluctuation in IOP in glaucomatous cats when administered three times daily, albeit to a lesser degree than dorzolamide. 58 Systemic CAIs such as acetazolamide, methazolamide, and dichlorphenamide are effective in lowering IOP in cats but their use is limited by their systemic toxicity. Cats are particularly sensitive to systemic adverse effects that include panting (associated with metabolic acidosis) and changes in mentation, inappetence, and gastrointestinal upset (related, at least in part, to hypokalemia). Topical CAIs are therefore preferred over systemic CAIs in this species. Topical CAI application is associated with conjunctival irritation, hypersalivation, and inappetence in some cats. However, this class of drug probably remains the first-line therapy of choice for glaucoma in cats, regardless of the underlying pathogenesis of glaucoma, as CAIs do not contribute to pupil block or intensify any preexisting uveitis.
Beta-blockers Timolol, a nonselective beta-adrenergic blocking agent, reduces IOP in cats by lowering the rate of aqueous humor production. 53, 59 In normal cats, topical application of a single dose of timolol maleate 0.5% led to a mean IOP reduction of about 22% in the treated eye, first observed at 6 h after treatment, and a 16% reduction in the contralateral, untreated eye. Miosis was observed in the treated eye only, and persisted for up to a week post-treatment. 60 Timolol therapy may therefore intensify some forms of pupil block glaucoma, and may be contraindicated in patients with uveitis. No significant additive ocular hypotensive effect was observed in normal cats treated with a combination of the CAI, dorzolamide 2% and timolol 0.5%, relative to the effect of treatment with dorzolamide 2% alone. 56 These data indicate that a CAI alone can maximally suppress aqueous humor flow in cats. As beta-2 receptors predominate in the feline anterior segment, beta-1 selective blockers (such as betaxolol) may have lower efficacy in this species. 61 Beta blockers also are ineffective at lowering IOP Table 3 . Important clinical considerations when formulating treatment strategies for feline glaucoma Is the glaucoma primary or secondary? Direct treatment at the primary disease process whenever possible Secondary glaucomas may have attendant systemic health concerns that need to be addressed Primary glaucomas may have genetic implications Has the underlying etiology been determined? Enucleation or even exenteration may be indicated if intraocular neoplasia is suspected Glaucoma secondary to lymphoma may respond to symptomatic therapy with topical corticosteroids and carbonic anhydrase inhibitors together with systemic chemotherapy For glaucoma secondary to uveitis, attempt to identify underlying cause and treat specifically
Certain drug classes such as miotics (e.g. pilocarpine) may be contra-indicated due to their potential to contribute to further instability in the blood-aqueous barrier What are the specific mechanisms for intraocular pressure elevation?
Identify the location of the block to aqueous outflow (see Table 2 ) Certain drug classes may be contraindicated, e.g. drugs that are associated with miosis (such as pilocarpine or timolol) will intensify pupil block Are the pathogenic mechanisms reversible or irreversible?
For example, in patients with uveitis judicious use of mydriatics early in the disease process may limit the formation of extensive posterior synechiae, iris bombé and ultimately collapse of the ciliary cleft. With chronicity, this sequence of changes may become irreversible What is the likely potential for vision in the affected eye and is the contralateral eye at risk?
For irreversibly blind, painful eyes, analysis of the cost:benefit ratio will generally favor enucleation Vision-sparing, and/or globe-sparing procedures are likely to be a greater priority when the contralateral eye is at risk of subsequent vision loss, or is already blind (as in primary glaucoma or feline aqueous humor misdirection syndrome) What is the likelihood of owner and patient compliance?
Long-term topical therapy can present a considerable practical challenge in cats Frequent administration of medical therapy may not be possible Owner's financial constraints are also an important consideration, potentially limiting the range of medical and surgical options that can be considered
during sleep, 62 due to lower sympathetic tone, 61,63 which may reduce their efficacy in felines that nap frequently during the day, and exhibit peak IOP during the nocturnal phase. Timolol may cause bradycardia and bronchoconstriction and is probably contraindicated in cats with feline asthma or cardiac disease. 64 Cholinergics These miotic drugs are believed to reduce IOP in cats by increasing aqueous outflow. 53 Topical administration of a single dose of the direct-acting cholinergic, pilocarpine 2% reduced IOP by about 15% in the treated eye and caused miosis in both the treated and untreated eye of normal cats. 65 This contralateral effect observed following unilateral application, indicates that systemic, adverse cholinergic effects might be anticipated during long-term treatment. Due to their miotic effect and ability to destabilize the blood-ocular barrier, 66 these drugs are generally contra-indicated in animals with pre-existing intraocular inflammation or a tendency to pupil block. Demecarium bromide 0.125%, a cholinesterase inhibitor, is a more potent and longer lasting miotic, but to our knowledge its effects have not been specifically evaluated in cats.
Adrenergic agonists The nonspecific adrenergic agonist, epinephrine when applied twice daily reduced IOP in normal cats by about 27% in treated eyes, related to a reduction in both aqueous production, as determined by fluorophotometry, and an increase in outflow facility. 67 Although this study did not specifically evaluate or report ocular tolerability, ocular surface irritation might be expected, based on reported adverse effects in human patients. Dipivefrin, a pro-drug of epinephrine, might be expected to exert similar effects to epinephrine but its use has not been specifically investigated in cats. Dipivefrin requires corneal esterases to convert the pro-drug to its active form, and probably should not be combined with cholinesterase inhibitors. 68 Topical adrenergic agonists are associated with mild pupillary dilation, and do not exacerbate uveitis.
Alpha-2 agonists such as apraclonidine and brimonidine may reduce IOP by increasing conventional outflow, decreasing aqueous humor production and reducing episcleral venous pressure. 69 Apraclonidine reduced IOP in normal cats by an average of 24% within 6 h of treatment but also resulted in miosis that persisted for up to 24 h. Evidence of systemic toxicity following topical application of 0.5% apraclonidine, consisting of a mean reduction in heart rate of about 12%, and vomiting that was noted in 8/9 cats treated with the drug, precludes use of the commercially available formulation in cats. 70 Prostaglandin analogs Species differences in prostanoid receptor distribution within different ocular tissues have major implications for the effects, and efficacy of topical prostaglandin analog therapy for glaucoma. For example, the intense miosis observed in cats treated with prostaglandin analogs such as latanoprost, travaprost, unoprostone, and bimatoprost, [71] [72] [73] is attributable to the presence of exquisitely well-coupled FP receptors in the iris sphincter muscle of cats, compared to humans. 74, 75 Although FP receptors are largely responsible for the effects of prosta- (53, (65) (66) glandin analogs on the canine and human ciliary body, these receptors are lacking in the ciliary body of cats and EP receptors are predominantly responsible for relaxation of feline ciliary muscle. 76, 77 Significant IOP-lowering effects have been observed in cats treated with PGA-2 derivatives but these have been associated with unacceptable ocular side effects in humans and nonhuman primates and are not commercially available. 78 Unfortunately, with the refinement of prostaglandin analogs to maximize their specificity for FP receptors on the human ciliary body, to minimize adverse effects such as ocular inflammation, commercially available prostaglandin analogs are less likely to have any ocular hypotensive effect in cats.
The FP receptor agonists, including latanoprost, travoprost, and bimatoprost, have no significant IOP-lowering effect in normal cats. [71] [72] [73] A recent study (J.E. McDonald, J.A. Kiland, E. Bentley, P.L. Kaufman and G.J. McLellan, manuscript in process) indicates that latanoprost 0.005% transiently lowers IOP in glaucomatous cats following a single topical application, but this effect is diminished following 3 weeks of twice daily administration of the drug. In this recent study, twice daily application actually led to a tendency toward an increase in cumulative IOP exposure relative to the pretreatment period, over the course of a 3-week treatment period in both normal and glaucomatous cats. These results do not support the use of latanoprost in the treatment of feline glaucoma, at least at the application frequency tested. Although the proposed mechanism for IOP reduction in humans and nonhuman primates is enhanced uveoscleral outflow as a result of alteration in extracellular matrix of the ciliary body, 79 this effect does not account for the rapid IOP lowering response observed in dogs, that was also observed following a single application in glaucomatous cats. In dogs, reduction in aqueous humor flow rates has been proposed as a mechanism for this rapid IOP reduction; 80 however, no significant effect on aqueous humor flow rate was observed in latanoprost-treated normal cats by fluorophotometry (J.E. McDonald, J.A. Kiland, E. Bentley, P.L. Kaufman and G.J. McLellan, manuscript in process) or in human subjects or nonhuman primates. 81 
Topical corticosteroids: indications and contraindications
Topical corticosteroid therapy, most commonly with formulations containing either 0.1% dexamethasone or 1% prednisolone, is generally considered to be indicated for the management of chronic lymphoplasmacytic uveitis in cats. However, steroid-induced ocular hypertension is an important consideration both in the management of glaucomatous cats that have evidence of ocular inflammation, and in the monitoring of cats with chronic uveitis that may receive long-term topical corticosteroid therapy. As is the case in a subset of the human population, normal cats treated with either topical dexamethasone or 1% prednisolone exhibit a significant increase in IOP after about 2-3 weeks of treatment two or three times daily. The magnitude of the increase documented in normal cats has ranged from about 5 mmHg, up to about 10 mmHg. 82, 83 Should steroidinduced ocular hypertension prove to be a concern in feline patients, then a change in the route of administration, or selection of a different topical anti-inflammatory drug may be warranted. Following withdrawal of topical corticosteroid therapy in normal cats, IOP was found to return to pretreatment values within 6-7 days. 82 Although speciesspecific data are lacking, studies in human 'steroid responders' indicate that systemic corticosteroids may result in IOP increases that are only about 60% of those observed in response to topical corticosteroids. 84 The authors have clinically observed increased difficulty in managing glaucoma in cats when systemic corticosteroids are administered for other disorders, such as atopy or inflammatory bowel disease. Studies in humans indicate that other corticosteroids, such as rimexolone, may have less ocular hypertensive effects, 85 but to our knowledge these have not been specifically evaluated in cats.
SURGICAL MANAGEMENT OF FELIN E
GLAUCOMA
Gonio-implantation
Gonio-implantation surgery in glaucomatous cats also presents challenges. Due to the association between chronic uveitis and the development of secondary glaucoma, preexisting inflammation is common in glaucomatous feline eyes and may contribute to increased risk of shunt failure due to obstruction of the anterior chamber tube. The degree of buphthalmos that is also common in cats, even at the time of first presentation, combined with relatively 'tight' eyelid and orbital conformation in this species, may also complicate surgical placement of conventional drainage implants and limit the formation of an adequate sub-conjunctival filtering bleb.
Cyclodestructive procedures
The authors' experience, as well as outcomes presented in published case reports, 5, 25, 34 suggest that success rates following laser cyclophotocoagulation or cyclocryotherapy are considerably lower in glaucomatous cats than in dogs and often repeated treatments are required. Disappointing responses to cyclophotocoagulation may reflect relatively sparse pigmentation within the ciliary body stroma of some cats, since the ocular hypotensive response to cyclophotocoagulation may in part result from reduced perfusion of the ciliary body stroma and processes, as much as specific destruction of the ciliary epithelium. In addition, there appears to be marked inter-individual variation in the location of the ciliary processes relative to the limbus in glaucomatous cats and bupthalmia may further enhance this variation. In one experimental study, cyclophotocoagulation with Nd:YAG laser led to a mean reduction in IOP of about 30% in normal cats. 86 However, the chronic nature of IOP elevation in most glaucomatous cats and variable degree of associated globe enlargement make it difficult to determine the most appropriate site for trans-scleral laser or cryosurgical application based solely on knowledge of the anatomy of normal cats. Pre-operative ultrasound biometry, as an aid to determining the location of the ciliary body in individual glaucomatous cats, could feasibly increase the success rate of surgical, cyclodestructive procedures. Both cyclophotocoagulation and cyclocryotherapy incite considerable inflammation and are contraindicated in cats with glaucoma secondary to uveitis or neoplasia.
Intravitreal gentamicin Intravitreal injection of gentamicin for pharmacologic ablation of the ciliary epithelium is widely considered to be contraindicated in cats, 24 due to the potential for malignant transformation of the feline lens epithelium when damaged, which may contribute to the development of life-threatening feline post-traumatic ocular sarcoma. 48 Although this is a valid concern, in reality a causal relationship between intravitreal gentamicin injections and ocular sarcoma in cats has not been definitively established. In a recent survey of the COPLOW archive, only five feline cases of malignant intraocular neoplasia (three sarcomas and two uveal melanomas) were identified in cats that had a history of prior intravitreal gentamicin injections. In those cases, it was not possible to determine whether intravitreal gentamicin injections had actually been administered to cats with glaucoma secondary to an occult intraocular neoplasm; neoplasia arose independently of the injection, or whether the injection incited neoplastic transformation. (T. Strong and R.R. Dubielzig, personal communication) Nevertheless, pharmacologic cycloablation cannot be considered a treatment of choice for feline glaucoma, given that the procedure carries a relatively low rate of success, about 66% in one limited study. 87 Furthermore, malignant intraocular neoplasia is a common cause of secondary glaucoma in this species, that may be unsuspected prior to, and more difficult to detect following intravitreal gentamicin injection.
Enucleation and evisceration in cats
For eyes that are irreversibly blind, or in which the possibility of intraocular neoplasia is suspected or cannot be excluded on the basis of clinical findings, enucleation warrants strong consideration. Enucleation is generally preferred over evisceration with intrascleral prosthesis placement as the success rate of the latter procedure may be lower in cats than in dogs. 88, 89 In addition, the cosmetic result achieved by implantation of dark-colored spheres in cats is often sub-optimal. This has led some to use colored spheres and to tattoo a slit pupil onto the cornea in an effort to improve the eye's final post-operative cosmetic appearance (Dr Dennis Hacker, personal communication). In the COPLOW archive, the ratio of corneoscleral shell failures to evisceration samples indicates that the failure rate for this procedure in cats approaches 15%. 40 In a recent series, recurrence of malignant intraocular neoplasia, with lifethreatening potential, was a major reason for corneoscleral shell failure, and was diagnosed in over 70% of cats that had subsequent enucleation following intra-scleral prosthesis placement. 90 The risk of late complications associated with placement of intra-orbital prostheses following enucleation may also be greater in cats than in dogs, and may necessitate removal of the orbital prosthesis in some cats. 91, 92 In the authors' experience, irreversibly blind glaucomatous cats tolerate even bilateral enucleation extremely well. Given the possibility of subsequent bilateral involvement and/or malignant intraocular neoplasia in cats presenting with unilateral glaucoma, it is important to remember that valuable lessons can be learned from the histomorphological features of those eyes that may be considered by clinicians as our 'failures', 40 thus all enucleated globes and all evisceration specimens should be submitted for histopathological evaluation.
In summary, glaucoma in cats is typically an insidious and gradually progressive disease that is most often secondary to other ocular and/or systemic disease processes. Treatment of glaucoma is undoubtedly challenging in cats. Adverse systemic and local side effects are commonly encountered and, coupled with a relatively poor tolerance for the frequent application of topical medication by most cats, frequently lead to poor patient and owner compliance with prescribed therapy. In some cases, the signs associated with topical or systemic therapy for glaucoma may be more severe than minimal signs of ocular discomfort or illness observed prior to therapy. Careful consideration of the 'cost-to-benefit ratio' for individual cats may favor the adoption of a more conservative approach of temporization and/or palliative therapy rather than aggressive vision-sparing medical or surgical therapy, particularly in older patients. In cats with irreversibly blind, painful eyes, and animals in which intraocular neoplasia is suspected or cannot be excluded on the basis of clinical findings, enucleation is generally the most appropriate treatment provided that the animal's general health status permits surgical intervention.
